INTRODUCTION
Amyloid fibrils are filamentous structures formed by an extensive menu of peptides and proteins. The molecules vary in length from a few to a few hundred amino acids, and both hydrophobic and hydrophilic residues are present in the protein sequences. These fibrils are of considerable medical importance because they are associated with more than 40 different diseases 1 including Parkinson's disease, type 2 diabetes, dialysis related amyloidosis, Huntington's disease, prion diseases, and importantly Alzheimer's disease (AD). At present, 5.4 M Americans are living with AD, and, in addition to the enormous personal cost associated with this devastating disease, there is a projected annual cost for patient care in 2016 of $236 billion. 2 There are multiple studies of natural and model peptides that have revealed factors that favor amyloid formation, including the amino acid sequence, and the effective charge and patterning of hydrophobic and hydrophilic groups. [3] [4] [5] [6] Nevertheless, there is a paucity of basic experimental information about the details of the molecular structures present in amyloids, and therefore there are many fundamental physical and chemical questions regarding the molecular mechanism of amyloid formation, and the nature of the intermolecular interactions that lead to the remarkable stability of these macromolecular structures.
Although amyloid fibrils are microscopically well ordered (vide infra), they are macroscopically disordered and have low solubility. As a consequence, their molecular structures cannot be determined to high resolution with X-ray diffraction or with solution state nuclear magnetic resonance (NMR), the two primary tools of structural biology. Although fiber diffraction does show that fibrils contain extended β-sheets with the βstrands in the sheets oriented perpendicular to the fibril direction, there are many other features of the structure of fibrils that are presently unknown: for example, the protein fold and the orientation of the amino acid side chains and how they are packed into a fibril structure.
MAS NMR has provided information on backbone conformations, supramolecular organization, and registry of interstrand arrangements of amyloid fibrils. This has led to an atomic resolution structure of amyloid fibrils formed by a small peptide derived from transthyretin (TTR 105-115 ), which was determined utilizing a combination of MAS NMR spectra and cryo-electron microscopy. [10] [11] [12] In addition, similar approaches have been used to determine a partial structure of the prion Het-s and more recently elegant complete structures of E22Δ-Aβ , the Osaka mutant of Aβ 1-40 , [13] [14] [15] [16] [17] the protein associated with a familial form of AD, and α-synuclein, 18 associated with Parkinson's disease.
In the case of Aβ, the predominant proteins present in fibrils range from 39 to 43 residues in length in vivo, and are produced from cleavage of the amyloid precursor protein (APP) by βand γ-secretases. 19, 20 The most prevalent alloforms are peptides with 40 (Aβ ) and 42 (Aβ 1-42 ) amino acid residues, with the latter identified as the more toxic species that possesses a significantly higher aggregation propensity and as a result nucleates fibril formation. 21, 22 While a great deal of attention has been devoted to modeling structures of Aβ 1-40 , [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] very little is known about the structure of Aβ 1-42 , 8 and how it forms reactive surfaces for secondary nucleation, which in turn generate toxic species from monomers in a fibril-catalyzed reaction. [40] [41] [42] [43] Thus, elucidating the structural details of Aβ fibrils is an important first step toward understanding this autocatalytic process. Subsequently, detailed atomic resolution structures can guide the rational design of therapeutic tools with which to diagnose and treat AD.
MAS NMR structural studies are based on dipolar recoupling [7] [8] [9] and require isotopic labeling with 13C and 15 N 44-47 to measure 13C-13 C and 13C-15 N distances and torsion angles. Because of its short length (39-42 residues), Aβ labeling can be accomplished using peptide synthesis, an approach used in many previously published investigations. However, peptide synthesis has three significant drawbacks. First, it requires expensive quantities of a 13 C/ 15 N amino acid for each position labeled, and consequently only about four or five residues per peptide are labeled in each of the many published studies. [24] [25] [26] [27] [31] [32] [33] [34] [35] [36] [37] [38] 48 Second, because of the small number of labeled residues, the number of structural constraints available from a specifically labeled Aβ is correspondingly reduced. Thus, in a recent tourdeforce study of Aβ 1-42 , Xiao et al. 48 prepared 17 different labeled Aβ 1-42 's, but obtained only 11 and 9 long-range intra-and intermolecular constraints, respectively. Thus, with specific labels it is possible to miss important contacts. For example, Xiao et al. 48 did not simultaneously label Q15, L17, and M35 and therefore did not observe cross-peaks corresponding to the intermolecular dimer interface presented here. Third, peptide synthesis does not always produce samples that have the proper chirality and sequence homogeneity. Thus, multiple seeding steps are often required to purify the sample and obtain a single thermodynamically stable conformation. 48 As will be seen below, the conformational heterogeneity (or homogeneity) of Aβ is best accessed by looking for multiple cross-peaks in MAS NMR spectra.
In this Article, we describe an atomic resolution structure of Aβ M01-42 fibrils, based on ∼490 unique 13 C− 13 C and 13 C− 15 N intra-and intermoleclar distance constraints obtained 2− 13 C-glycerol and 15 N labeled using 15 NH 4 Cl. Furthermore, the biosynthetic samples can be purified to high homogeneity, and, in contrast to other recent investigations, the fibrils formed do not require repeated seeding steps to obtain a monomorphic sample. 49, 50 The fibril dimensions and mass-per-length were obtained from scanning tunneling electron microscopy (STEM) measurements. 51 The fibril structure is derived by incorporation of the experimental constraints into an energy minimization procedure that reveals the manner in which amyloid fibrils disperse electrostatic and hydrophobic interactions to fold the fulllength Aβ protein sequence. The Aβ 42 monomer is an S-shaped (or mirror image S-shaped) structure and the fibril subunit is a dimer with 2-fold symmetry, and therefore we observe a single set of well-defined cross-peaks. In addition, there are well-defined intramolecular contacts that determine the fold of the monomer. These include a salt bridge between the A42− 13 COO − and the K28 15 NH 3 + , and contacts between I41-G29, I41-K28, F19-I32, F20-V24, and F19-A30 that form two hydrophobic pockets that define the S-shape. Thus, the salt bridge and these hydrophobic pockets delineate the core of the monomer that consists of residues 15-42. In contrast, the outer surface of the monomers presents to the solvent hydrophilic side chains from K28, S26, D23, and E22 and two hydrophobic patches including residues V18 and A21 and V40 and A42. The first 15 residues M0-14 are dynamic and are observed in TOBSY spectra as we reported previously. 49 The remaining salient structural feature is the interface between the two members of the dimer consisting of contacts between M35 on one molecule and Q15 and L17 on the second so that two molecules of Aβ 42 are arranged back-to-back as the primary structural unit of the AD fibril. The 13 C/ 15 N chemical shift assignments and the structure can be accessed via the BMRB code 30121 and PDB ID 5KK3, respectively.
RESULTS AND DISCUSSION
Obtaining monomorphic amyloid fibrils is an essential condition to generate high-resolution MAS NMR spectra that in turn permit atomic resolution structural characterization. Previously, we have described the preparation of such Aβ 42 amyloid fibrils obtained without employing repeated seeding steps that showed a consistent set of chemical shifts from sample to sample. 49, 50 We initially characterized a U− 13 C/ 15 N sample, assigning the vast majority of the residues, both backbone and side chains, with secondary chemical shifts predicting four β-strands between residues 16 and 42. We have subsequently prepared additional samples with several biosynthetic labeling schemes. Spectra of these samples permitted us to generate a list of constraints that we used to produce an atomic resolution structure with a heavy atom backbone RMSD of ∼0.7 Å and overall RMSD of ∼1.1 Å discussed below. The presence of only one set of chemical shifts implies that only one conformation is present within mature amyloid fibrils. These spectra could be accounted for by having an amyloid fibril that consists of a single monomer, or possessing symmetry if multiple monomers are present within the mature fibril. As we have stated above, our data are consistent with a dimeric structure that forms the core of the fibril.
observed from such a sample can arise from both intramolecular or intermolecular contacts. The former is essential to determining the structure of the monomer, which in turn is the first step in the structure determination once the spectra are assigned and the location of the βstrands specified. In the case of Aβ M01-42 , the list of contacts observed in the 100% labeled sample does not converge to a single structure, and contains both intra-and intermolecular contacts. To conclusively distinguish intramolecular from intermolecular contacts and in turn generate a monomeric structure, we used a sample consisting of 30% uniformly labeled material and 70% natural abundance material that was formed from separately isolated monomers that were efficiently mixed prior to fibrillization. The isotopic dilution attenuates the contributions from intermolecular contacts, leaving only cross-peaks from intramolecular interactions. We use both the 100% uniformly labeled and the 30% uniformly labeled samples extensively to produce a substantial percentage of the contacts we used in the dimer structure shown below.
Proton-assisted recoupling (PAR) 52, 53 and dipolar-assisted rotational resonance (DARR) 54 are established as the methods of choice for observing 13 C− 13 C correlations corresponding to long distance constraints. In our previous publication, 49 we reported DARR spectra for a sample of U− 13 C/ 15 N-Aβ M01-42 , from which we obtained a large number of contacts between amino acid residues distant from one another. More recently, we recorded 13 C− 13 C PAR spectra and observed many additional structural restraints that are reported herein.
In particular, we illustrate in Figure 1 the spectrum obtained with a PAR 52,53 experiment using τ mix = 20 ms from the 100% U− 13 C/ 15 N sample, and Figure S1 shows the spectrum obtained from the 30% labeled sample. The excellent resolution present in both of these spectra allowed us to extract a total of 239 sequential, medium, and long-range distance constraints for the 100% labeled sample and 111 sequential, medium, and long-range distance constraints for the 30% labeled sample. Some of the contacts important for determining the fold of the monomer structure are between F19-I32, F19-A30, F20-V24, V24-G29, I31-V36, G33-V36, G29-I41, and K28-A42, while important intermolecular contacts that specify the structure of the Aβ 42 dimer are between L17-M35 and Q15-M35. Many of the cross-peaks that correspond to these contacts are visible in the expanded portion of the spectrum shown at the top of Figure 1 . The effect of reducing the concentration of uniformly labeled monomers to 30% on a PAR spectrum is shown in Figure 2 . It shows slices from the 20 ms PAR spectrum of a 100% labeled sample (see Figure 1 ) and from the 20 ms PAR spectrum of a 30% labeled sample ( Figure S1 ). In the 100% labeled sample, M35C ε shows 13 contacts to Q15, L17, and L34, while 10 of these contacts are absent in the 30% labeled sample. Hence, these 10 "disappearing" contacts between M35 and Q15, L17, and L34 can be classified as intermolecular.
In addition, we recorded a PAIN 55 spectrum illustrated in Figure 3a , which revealed longrange 13 C− 15 N contacts and provided information about the backbone to side chain interactions. Some particularly important cross-peaks correspond to F20-G25, V18-L34, L17-L34, G29-I41, V24-A30, and I31-V36. A complete list of these contacts is provided in Table S1 .
Although there are substantial differences in published models and structures of Aβ amyloid fibrils, including those of Aβ 40 , Aβ 42 , and the Osaka mutant E22Δ-Aβ 39 , one commonality that is largely shared is the presence of a salt bridge between the K28N ζ H 3 + and a carboxylic acid group (an exception to this statement is ref 56) . In the case of Aβ 40 , the salt bridge was assigned to be paired with D23C γ , 24, 27, 34, 35 and in E22Δ-Aβ 39 13,14 the bridge connects K28 and E3C δ . Although it may be an indirect correlation, we find it interesting that of the fibril structures reported to date, the ones obtained for peptides that are more toxic as compared to Aβ 40 have the salt bridge located in different regions. The main driving force for fibril formation are interactions involving hydrophobic groups, the structure is governed by constraints imposed by the detailed sequence, and salt bridges are formed if compatible with the rest of the structure. Recently, Ishii's group reported observation of a salt bridge formed between K28 and the C-terminus of A42, and speculated that this interaction may account for some of the pronounced differences in the aggregation rates between Aβ 40 and Aβ 42 . 48 Given the very similar chemical shifts between the fibrils we prepared and those prepared by Ishii's group, we looked for a similar salt bridge. In particular, we recorded FS-REDOR 57 build-up curves for both the 100% uniformly labeled sample and also the 30% uniformly labeled sample ( Figure 4 ).
We note that the K28 15 N ζ resonance is well separated and can be easily selectively excited.
On the other hand, the 13 C Gaussian pulse excites not only the A42 13 CO but also its neighboring resonances. The dephasing curve of these resonances, which actually showed no dephasing, was conveniently used as a control. The dephasing curves of A42 13 CO were simulated using an analytic approach described elsewhere 57,58 with a scaling factor of 0.9 to account for the imperfections of the pulse sequence and hardware. We obtained A42 13 CO to K28 15 N ζ distances of 4.0 and 4.5 Å on the samples with 100% [U− 13 C, 15 N]Aβ M01−42 and 30% [U− 13 C, 15 N]Aβ M01−42 , respectively. The FS-REDOR 57 experiment confirms that a salt bridge exists between K28− 15 N ζ H 3 + and the 13 COO − of A42. We attribute the discrepancy in the two distances to the fact that the intermolecular contacts in the 30% sample are attenuated and can be neglected. On the other hand, contributions from these contacts in the 100% [U− 13 C, 15 N]Aβ M01-42 sample lead to a more rapid dephasing, and thus a shorter apparent distance. Therefore, for the structure calculation, we used 4.5 Å as the intramolecular distance between A42 13 CO and K28 15 N ζ , implying a relatively weak interaction or an exchange between free groups and salt-bridged groups.
To determine the intermolecular registry of molecules within the fibrils, we utilized a mixed sample, consisting of 50% 2− 13 C-glycerol labeled protein where the C α positions are preferentially labeled with 13 C and 50% 15 N labeled material. Thus, a 13 C− 15 N correlation experiment (PAIN 55 or ZF-TEDOR 59 ) will exhibit 13 C α − 15 NH cross-peaks exclusively from intermolecular contacts. If these cross-peaks correspond to the same positions as found in U − 13 C/ 15 N spectra, then the molecules are arranged in a parallel-in-register (PIR) array. This strategy has been successfully employed in a variety of systems, PI3-SH3, β2m, ΔN6, etc., [60] [61] [62] all of which show PIR β-strands. However, the ∼4.5 Å 13 C α − 15 NH distance requires τ mix ≈ 15-20 ms, and dynamic processes lead to significant attenuation of signal intensities. Thus, the experiment is most successful at low temperatures (∼100 K) where many dynamic processes are frozen out, yielding more intense cross-peaks in the ZF-TEDOR 59 spectrum. The temperature leads to broader spectra particularly in the 15 N dimension, yet as shown in Figure 3b several intense cross-peaks are observed that are entirely intermolecular in origin. Assignment of these cross-peaks dictates that the interstrand arrangement in Aβ M01-42 is PIR.
To further probe for unambiguous intermolecular constraints, we prepared a 2− 13 C-glycerol/ 1,3− 13 C 2 -glycerol mixed sample ( Figure S4 ), which should provide us with intermolecular contacts and aid in generating a global structure. Unlike the 2-glycerol sample/ 15 N mixed sample, not all cross-peaks are intermolecular, but rather have unambiguous intramolecular contacts, ambiguous intramolecular or intermolecular contacts, and finally unambiguous intermolecular contacts. The unambiguous intermolecular contacts can further be broken into ones that report about interstrand arrangement (i.e., PIR), while others report about intermolecular contacts between adjacent monomers. We observe several additional contacts, which are consistent with a parallel in register arrangement including
In contrast to the ZF-TEDOR 59 experiment that requires cryogenic temperatures for the long mixing times necessary to observe long distances, the PAR experiment performs well at 277 K, enabling us to retain the excellent spectral resolution and obtain well-resolved cross-peaks.
A common technique used in structural characterization of samples by MAS NMR is sparse 13 C labeling of samples, which yields narrower line widths by eliminating dipolar and secular coupling from adjacent 13 C atoms. Additionally, it minimizes dipolar truncation from homonuclear dipolar couplings, resulting in improved efficiency for dipolar recoupling for inter-residue contacts. Accordingly, we prepared a sample using 1,6− 13 C2-glucose, which typically labeled -CH 3 groups. 13 CH 3 − 13 CH 3 contacts can be very helpful in elucidating structures as they are likely to provide long distance information. Accordingly, we recorded a 13 C− 13 C 200 ms DARR spectrum, along with 12 ms mixing ZF-TEDOR 55 spectra (shown in Figure S3 ), and observed several contacts from these spectra, but importantly I31-N27 contacts. Figure 5 serves to summarize the 487 distance constraints obtained from the various dipolar recoupling experiments that were used to calculate the structure of Aβ 42 .
Mass per Unit Length STEM Measurements
Although MAS dipolar recoupling NMR experiments provide detailed atomic resolution structural data (0.1 Å), they are limited to a length scale <10 Å. It is therefore necessary to rely on STEM and cryoEM measurements to assemble the atomic resolution NMR structures into the cryo EM electron density and a composite fibril with dimensions up to 2000 Å. This is the procedure followed in our recent study of TTR 105-115 . 11, 12 The initial step in this process is to perform STEM measurements of the mass per unit length (MPL) that determines the number of Aβ M01-42 molecules present in the fibrils. Figure 6 ( of 4909.2 Da, we find that the peaks in the MPL curves correspond to 2.26 and 4.47 molecules/fibril. Thus, the STEM measurements are consistent with the dimeric structure that emerges from the NMR structure calculations and for a tetrameric fibril with 2-fold symmetry. The latter corresponds to a fibril in which two filaments wind around each other, as seen by cryo-EM, 40, 64, 65 and each filament contains multiple planes of the dimeric structure determined here. If we use the 4.8 Å for the β-strand spacing, then we obtain 2.41 and 4.38 for the number of molecules/fibril. Note that the STEM measurements were performed on samples that were used previously for the MAS NMR spectra, so that we are sure that they correspond to monomorphic fibrils.
Examination of higher magnification STEM images showed bright spots adjacent to many fibers but not near the TMV standard. The images with the least salt had smaller SD for both TMV and fibers and a fiber M/L closer to 2.3 kDa/Å. Therefore, we conclude that phosphate buffer (used in preparation of the fibrils) was causing the higher M/L value. This is a wellknown effect observed in previous studies using phosphate. 66
Structure Determination
We assigned a total of 1866 peaks from a total of 12 spectra, including PAR, 52,53 DARR, 54 PAIN, 55 TEDOR, 59 and FS-REDOR 57 of differently labeled samples (see Table S1 ). From those, 870 were intraresidue contacts, 615 sequential, 119 medium range, 220 long-range, and 42 intermolecular constraints as illustrated in Figure 5 . For each cross-peak in the 12 spectra, we set an upper limit of visibility (in Å); that is, we chose a distance that is certain to satisfy each contact we observe in the particular spectrum. We chose the final distance for each constraint based on the spectra in which it was observed and then chose the one with the lowest upper limit (see Table S2 ). With this procedure we arrived at a list of 487 unique distance constraints, of which 264 were sequential contacts, 93 medium range, 104 longrange, and 26 intermolecular distance constraints. Additionally, we used 28 dihedral angle constraints for residues Q15-V18, S26-K28, A30-I32, and V39-A42. Dihedral angles for these residues are involved in β-strand formation as determined by secondary chemical shift (see Figure S6 ). For these residues, we also included 13 hydrogen bonds per monomer. Because the spectra only show one set of peaks with sharp lines, the fibril is expected to be a quasi-crystal. Hence, the backbone heavy atoms were set to be between 4.5 and 5.1 Å. We used CYANA 3.97 67 to select the 10 lowest energy structures from 500 calculations that converged to a heavy atom backbone RMSD of 0.71 ± 0.12 Å and an RMSD of 1.07 ± 0.08 Å for all heavy atoms ( Table 1) .
The resulting structure illustrated in Figure 7A -C is a dimer formed from two S-shaped monomers with most hydrophobic residues hidden in the fibril core. Notably, we observe two distinct hydrophobic cores, one containing residues I31, V36, V39, and I41, and the other containing L17, F19, F20, V24, A30, and I32. The latter is bridged by M35 and L34 of both monomers to form one continuous hydrophobic interior across the monomer interface. Moreover, the stacking of monomer pairs along the fibril means the hydrophobic cores will be repeated along the fibril axis and run as continuous hydrophobic cores inside the fibril. Meanwhile, the hydrophilic residues, K16, E22, D23, S26, and K28, are exposed to the solvent and form the main turn/loop between the three main β-strands. We note that the local RMSD is slightly elevated around E22 and D23 (see Figure S9 ). While it is not clear if this is caused by missing restraints, this could also be caused by a strain around this loop region.
It is interesting to note that numerous familial mutations related to early onset Alzheimer's disease [68] [69] [70] are found within this loop region, again, particularly surrounding E22 and D23. The interface between the two monomers appears to serve to hide the hydrophobic residues that are present in the other main turn present in these fibrils, L34, M35, and V36, which have intermolecular contacts with V18, L17, K16, and Q15. The first 14 residues are more dynamic than the residues present within the fibril core, which we have reported previously. 49 These first 14 residues possess mainly hydrophilic residues and are likely disordered and immersed in the solvent. We note that while several of these residues are observed by CP-based experiments, S8, G9, and Y10, no contacts are observed between these residues and any residues within the fibril core. Similar to the results published by Ishii et al., we observe a salt bridge between K28 and the C-terminus of A42. This feature is absent in Aβ 40 fibrils where instead K28 pairs with D23 (see above); this variation results from the absence of V41-A42 and the very different hydrophobic core packing in Aβ 40 relative to Aβ 42 fibrils. Matching K28 with A42 enables E22 and D23 to face the solvent, as discussed above.
Our structure predicts the intermolecular contacts between L34 and L′34 on different monomers within the dimer. We note that glycerol efficiently labels leucine. In the 2− 13 Cglycerol/1,3− 13 C 2 -glycerol 13 C− 13 C mixed sample, we observe very strong contacts between all atoms within the side chain of L34; however, contacts between the CO and the side chain are absent. Because of the labeling scheme employed along with the fact that leucine is efficiently selectively labeled using this labeling scheme, the contacts observed are conclusively deemed to be intermolecular. However, a question remains whether these contacts are between monomers within the same plane of the dimer, or if they are parallel in register contacts between β-strands above or below one another. We suspect that a combination of both is likely, the latter of which is supported by the absence of cross-peaks between L34N and the side chain atoms within the 2− 13 C-glycerol/ 15 N mixed sample ( Figure 3b ).
Finally, we note that the structure shown in Figure 7 is a dimer in contrast to that reported by Xiao et al., 48 who reported a monomer. In particular, the structure is consistent with our STEM data discussed above and with the observation of cross-peaks between M35 and Q15 and L17 (Figure 2 ) corresponding to the interface. As pointed out above, these cross-peaks were not present in the spectra of Xiao et al. because none of the 17 samples they examine simultaneously contained 13 C/ 15 N labels at the three crucial residues Q15, L17, and M35.
structures of the end states: the fibril structure presented here and the largely unstructured monomers. 65 Twelve hydrophobic side chains (L17, F19, F20, V24, A30, I31, I32, L34, M35, V36, V39, and I41) are largely exposed to solvent in the unstructured monomer and buried in the fibril. This suggests that the self-assembly reaction is governed by the hydrophobic effect and increased entropy of water upon desolvation. 71 This is a very strong driving force for self-assembly, which overcomes the loss in entropy upon packing of monomers into fibrils, which limits the number of configurations, and the stronger electrostatic repulsion between negatively charged monomers in the fibrils as compared to monomers. The repulsion in the fibril is diminished through ion pairing (e.g., the C-terminal carboxyl to K28 side chain) and charge modulation, 72 yet the free energy difference between intramolecular salt bridges and the free side chains interacting with water may be small. The specificity of the fibril fold, on the other hand, may be governed by neat packing of hydrophobic side chains and avoidance of steric clashes. 73, 74 Ion pairing and repulsive electrostatic interactions may contribute to the specificity and disfavor alternative structures in which the repulsion would be higher. [73] [74] [75] 
Comparison with Other Aβ Alloforms
Multiple structural models for Aβ 40 amyloid fibrils have been reported by several groups. 26, [36] [37] [38] [76] [77] [78] While there are subtle differences among these models, they do share some features. These include the presence of only a single turn and extended β-strands, which include residues 10-40, with the first 10 residues either being observed by J-based transfer experiments or invisible to both CP and J-based transfer experiments. It has been reported that the first 10 residues of the N-terminus are dynamic and are either observed only with J-based transfers or are "invisible" to both J-based and CP-based transfers. In contrast, Reif and co-workers have reported that they have seeded an Aβ 40 sample and attained a single form, which possessed two sets of chemical shifts, leading them to conclude that the basic subunit for these fibrils is an asymmetric dimer. 23 This dimer has a single set of resonances visible from 12 to 40, while the other is from 21 to 38. In contrast, the Osaka mutant, which has 39 residues, has several turns. This amyloid fibril was reported to have all residues incorporated into the fibril core, with the N-terminus forming contacts with the central part of the peptide.
The structural differences between Aβ 40 and Aβ 42 may hold valuable insights into why the two alloforms have such different aggregation kinetics. Using detailed kinetic analyses, it was recently found that all three underlying microscopic steps (primary nucleation, secondary nucleation, and elongation) have lower rate constants for Aβ 40 as compared to Aβ 42 . 43 While the large difference in primary nucleation rate may be explained by Aβ 42 monomers being more hydrophobic than Aβ 40 monomers, the latter two steps are fibril dependent, and their higher rate in the case of Aβ 42 may at least in part be explained by distinct features of the fibril structures. One striking difference between the models proposed for Aβ 40 and structure of the Aβ 42 fibrils is found in the exposed hydrophobic patches that can be inferred to run along the sides of the fibrils (Figure 7) . The Aβ 42 structure presented here reveals one hydrophobic groove composed of V18 and A21, which is gated by E22 and K16, and one hydrophobic patch composed of V40 and A42. The former groove is seen in several Aβ 40 models, 31 but the latter patch is a unique feature for Aβ 42 fibrils. While A42 is 
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Author Manuscript absent in Aβ 40 , V40 is buried in several Aβ 40 models. Although the catalytic surface for secondary nucleation can in principle be anywhere on the fibril, it is likely to involve a major fraction of the fibril surface. The reaction order for secondary nucleation with respect to monomer is two, 79 and it is likely that the nucleus contains at least two monomers and has at least similar dimensions as the dimer shown here. It is therefore possible that the presence of this additional hydrophobic stretch (V40, A42) that lines the Aβ 42 fibrils can explain at least in part its higher rate constant for secondary nucleation as compared to Aβ 40 . Moreover, in mixtures, Aβ 40 and Aβ 42 fail to form mixed fibrils; they interact only at the level of primary nucleation, while the fibril-specific processes are highly specific events. 80 The two residues I41-A42 cannot be accommodated in Aβ 40 structures for steric reasons, as there is no room to fit two more residues next to V40. However, removal of the same residues from the Aβ 42 fibril structure presented here would lead to very significant destabilization because one of the hydrophobic cores would be disrupted by removal of V41.
We note that two sites for several of the familial mutations, E22 and D23, are located in a loop region, and exposed to the surrounding solution, while A21 is part of one hydrophobic groove, and D7 and A2 are located in the flexible N-terminus. The structure presented here may serve as a starting point for modeling of mutant fibrils 81 and interpretation of changes in aggregation properties due to familial and designed mutations. 69, 82, 83 It may also serve as a starting point for designing additional substitutions to study the molecular determinants of surface-catalyzed secondary nucleation. 64 The structure presented here may also shed some light on the A21C/A30C-Aβ 42 variant, in which the introduced cysteines form a disulfide bond within the monomer, which is compatible with protofibril but not fibril formation. 84 In the Aβ 42 fibril model, the A30 side chain is located in one of the hydrophobic cores, while the A21 side chain is exposed in one hydrophobic groove on the surface; thus a cross-link between positions 21 and 30 would not be possible.
The chemical shifts of the assigned residues we reported recently, 85 and those simultaneously reported by Ishii 86 (and the very recent chemical shifts of Ravotti et al. 87 ), are essentially identical, which suggests that the Xiao et al. model of the monomer and the structure reported here are highly similar. Our structure has similar structure elements and long-range contacts, including F19-I32, K28-A42, etc., which are all present in our spectra. However, we also observe numerous additional contacts and cross-peaks, allowing us to calculate a structure to superior resolution. The model of Xiao et al. had 11 long-range contacts, and 2 intermolecular contacts, 48 while we have 105 long-range contacts, and 15 intermolecular contacts. We note the similarity between the two structures shown in Figure  S9 , which is in contrast to the multitude of Aβ 40 amyloid fibril models and literature that abounds with discussions of polymorphism. Thus, it appears that the structure presented in Figure 7 may represent the thermodynamically most stable form given that two groups have independently produced nearly identical fibrils by different methods (nonseeding vs repeated seeding steps), using material prepared differently (recombinant vs peptide synthesized). Moreover, the variation between the two studies in terms of pH, peptide concentration, and salt concentration suggests that the Aβ 42 fibril structure is relatively invariant to changes in solution conditions.
In addition, we note that even though we have an N-terminal methionine (M0) present in our samples, we still observe chemical shifts essentially identical to those of Aβ without M0. This together with the fact that we find that residues M0-14 are dynamic indicate that the presence of this residue does not affect our structural results. As a further confirmation of this fact, we have prepared Aβ 1-42 via a SUMO expression system and find the spectra essentially identical to those reported here. 88 Finally, there are several structural studies of Aβ 42 employing cryo-EM to characterize the Aβ 42 amyloid fibrils. [89] [90] [91] While this work was performed carefully, it appears difficult to reconcile the structure reported here, or the model of Xiao et al., with the published electron density profiles. Furthermore, no MAS NMR spectra of the samples were reported, so it is not possible to determine if the samples were mono-or polymorphic. Thus, at the moment we do not have a satisfactory explanation for differences between the cryoEM and the MAS NMR results. In addition, a structure of Aβ 42 was reported 92 based on hydrogen exchange and mutation experiments combined with the structural model for Aβ 40 proposed by Tycko and co-workers. This structure is very different from that reported here.
CONCLUSIONS
We have utilized a variety of MAS NMR dipolar recoupling sequences to generate ∼490 intermolecular and intramolecular contacts for Aβ 42 amyloid fibrils, which yielded an atomic resolution structure. The monomer structure possesses an S-shape with residues 15-42 comprising the amyloid fibril core and residues 1-14 appearing to be unstructured. We observe intermolecular contacts between Q15, L17, L34, and M35, which imply that the basic subunit of the mature fibrils exists as a dimer, consistent with data from STEM experiments. The structure has a heavy atom backbone RMSD of ∼0.7 Å. We find that two hydrophobic clusters are buried in the interior of the fibril, while two hydrophobic patches are exposed on the outside and line the fibrils surface. One of these contains V18 and A21, and the other V40 and A42. The structure presented here provides a valuable resource for understanding the aggregation of Aβ 42 and its variants, and will serve as a starting point for the design of molecules with high affinity for the surface of the fibril and the potential to interfere with secondary nucleation. The structure may thus enhance our understanding of molecular events underlying Alzheimer's disease and improve the possibilities for therapeutic invention.
EXPERIMENTAL SECTION

Sample Preparation
The biosynthetic 13C/ 15 N labeling and preparation of Aβ 42 fibrils were described in detail previously. 49 As in our previous investigation, 49 we utilized a 100% uniformly 13 C/ 15 N labeled sample to obtain intermolecular and intramolecular constraints. To detect − 13 CH 3 's interacting with other sites, we prepared a sample with 1,6− 13 C 2 -glucose 93, 94 as the 13C source, which sparsely labels mostly − 13 CH 3 groups. 94 To differentiate intermolecular from intramolecular contacts, we used a sample that consisted of 30% U− 13 C/ 15 N material in a matrix of 70% natural abundance material. The peptides were first separately purified and isolated as monomers that were mixed in a 3:7 molar ratio on ice and subsequently allowed to fibrillize by incubating the mixed solution at room temperature for at least 16 h, as described previously. 49 Similarly, we prepared a sample consisting of 50% carbon labeled material (derived from growth with 2-glycerol) and 50% 15N labeled material. For this sample, we expressed Aβ 42 in M9 media, with 2 g/L of 2− 13 C-glycerol substituted for glucose, and separately prepared material grown from M9 media containing natural abundance glucose and 15 NH 4 Cl. Finally, we employed a similar process to produce a 13 C 2− 13 C-glycerol/1,3− 13 C 2 -glycerol mixed sample, which was used in PAR experiments to detect intermolecular contacts for example between M35 and Q15 and L17. All samples were lyophilized and rehydrated followed by ultra-centrifugation to pellet the fibrils and subsequently packed into a rotor. Previously, we reported that lyophilization of 13 C/ 15 N and rehydration does not alter the chemical shifts of the MAS NMR spectra. 49 Typically, ∼20-30 mg of hydrated Aβ M01-42 fibrils was packed into a 3.2 mm Bruker rotor (Bruker Biospin, Billerica, MA) using a home-built centrifugal packing tool. 13 C− 13 C and 13 C− 15 N spectra were acquired on a Bruker 800 MHz AVANCE III spectrometer equipped with a 3.2 mm triple channel HCN Bruker probe (Bruker Biospin, Billerica, MA). For the DARR, 54 RFDR, 95, 96 and ZF-TEDOR 59 experiments, we used ω r / 2π = 20 ± 0.01 kHz and T = 277 K. FS-REDOR 57 spectra were recorded at ω 0H /2π = 750
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MHz ω r /2π = 8 ± 0.01 kHz and T = 277 K. Spectra recorded at ω 0H /2π = 800 and 750 MHz were processed using TopSpin 3.1 and the NMRPipe software package, 97 respectively, and all spectra were analyzed in Sparky. 98 The ZF-TEDOR 59 spectra used to establish the parallel-in-register arrangement of the fibrils were recorded at 105 K on a Bruker 600 MHz AVANCE III spectrometer equipped with a triple channel HCN Bruker probe at ω r /2π = 12.5 ± 0.01 kHz.
2D DARR spectra were recorded using τ CP 99 = 1.2 ms, ω 1 /2π = 62.5 kHz, τ mix = 80 ms, ω 1H /2π = 20 kHz, and a recycle delay of 2.5 s. During acquisition, the TPPM 1 H decoupling field was ω 1H /2π = 83.3 kHz. The FID matrix containing 2048 × 1024 points was averaged over 16 transients. Subsequently, a squared sine window function with a sine bell shift of 3.5 was used, and the FID matrix was zero filled to 4096 × 2048 points and Fourier transformed.
Ambient temperature Z-filtered transferred echo double resonance (ZF-TEDOR) 59 was acquired using τ mix = 1.6 ms, 13 C and 15 N π-pulses with ω 1 /2π = 50 kHz, ω 1H /2π = 83 kHz TPPM decoupling during acquisition, and a 3 s recycle delay. The FID matrix of 1024 × 512 points was averaged for 32 scans.
Measurements of the distance between A42 13 COO − and K28 15 N ζ were performed using the frequency selective REDOR (FS-REDOR) 57 Low temperature ZF-TEDOR 59 spectra were acquired using τ mix = 16 ms mixing with ω 1S / 2π = 50 kHz 13 C and 15 N π-pulses and ω 1H /2π = 125 kHz decoupling during evolution and ω 1H /2π = 83 kHz 1 H TPPM decoupling during acquisition and a 3 s recycle delay.
The PAR spectrum shown in Figure 1 was acquired with 2048 complex data points in the direct dimension and 1048 complex data points in the indirect dimension using the protocol of Ruben and coworkers. 100 Prior to indirect evolution and PAR mixing, transverse 13C magnetization was prepared using CP 99, 101 with τ mix = 1.2 ms. For optimal PAR mixing, the radio frequency (RF) fields were set to ω 1C /2π = 62.5 kHz and ω 1H /2π = 55 kHz to optimize transfer to side-chain resonances according to a thorough and rigorous search of available PAR conditions. The PAIN 55 spectrum shown in Figure 3 was acquired with 1024 complex data points in the direct dimension and 512 data points in the indirect dimension. Prior to indirect evolution and PAIN mixing, transverse 15 N magnetization was prepared using CP from the 1 H channel with τ mix = 1 ms contact time before the indirect evolution period. The PAIN RF fields for the 13 C and 15 N channels were chosen to be ω 1 /2π = 50 kHz, and for the 1 H channel ω 1 /2π = 55 kHz.
Structure Calculation
Structure calculations were performed using CYANA 3.97 67 as previously described for other fibril structure determinations with some variations. 14, 68 The first 10 residues expected to be dynamic were omitted for the structure calculation. The structure was set up to be comprised of 14 monomers linked by LL2 linkers with the following scheme, (Aβ 11-42 -30×LL2-)6-Aβ 11-42 -50×LL2-(Aβ 11-42 -30×LL2-)6-Aβ . Dihedral angles for residues involved in β-strand formation as determined by secondary chemical shift were set to −200.0° ≤ ϕ ≤ −80.0° and 40.0° ≤ ψ ≤ 220.0° (i.e., residues 15-18, 26-28, 30-32, and 39-42) . Additionally, hydrogen bonds were defined for these residues using H-O distance restraints of 1.8-2.0 Å and N-O distance restraints of 2.7-3.0 Å. Hydrogen restraints were weighted 10 times as compared to other constraints. To reflect the semicrystalline nature of the fibril, the backbone heavy atoms along the fibril axis were kept between 4.5 and 5.1 Å for residues 15-42. These restraints were weighted 10 times as compared to other constraints. The salt bridge between K28 and A42 was defined as follows: the distance of K28N ζ and A42CO was set to be between 4.0 and 4.7 Å, and the distance between K28N ζ and A42O was set to be below 4.0 Å. Salt bridge restraints were weighted 10 times as compared to other constraints. Sequential, medium range, and long-range contacts were used as intramolecular restraints. Used spectra and distance constraints can be found in Table S2 . As a constraint, the distance of the spectrum was used in which the specific contact was observed. Intermolecular constraints were implemented as constraints between two monomers on the same level along the fibril axis. 500 conformers were generated with 35 000 torsion angle dynamics steps for each conformer. The final structure bundle is comprised of the 10 conformers with the lowest CYANA target function. 2D 13 C− 13 C MAS PAR spectrum of U− 13 C/ 15 N-Aβ M01-42 fibrils recorded at ω 0H /2π = 800 MHz, T = 277 K, ω r /2π = 20 kHz. τ mix = 20 ms, and ω 1H /2π = 83 kHz decoupling field. For optimal PAR mixing, the radio frequency (RF) fields were set to ω 1C /2π = 62.5 kHz and ω 1H /2π = 55 kHz on the 13 C and 1 H channels, respectively. Several important inter-residue cross-peaks are denoted with red labels in the expanded region of the spectrum. The inset shows several important intermolecular contacts including Q15-M35 and L17-M35, while the main panel shows numerous intramolecular contacts used in calculating the structure, including F19-I32, F19-A30, V24-F20, V24-G29, I41-G29, and K28-A42. Slices from two 20 ms PAR spectra illustrating the presence of intermolecular contacts at the interface between the two members of the Aβ 42 dimer. The top slice shows a total of 13 inter-and intramolecular cross-peaks involving M35CE from the 100% U− 13 C/ 15 N labeled sample. By diluting the sample to 30% with natural abundance material (lower slice), 10 of these cross-peaks, shown in red in the top slice and assigned to contacts between M35CE and Q15 and L17, are no longer present, confirming that they are intermolecular in origin. Colvin 
RMSD of the Central Dimer
heavy atom backhone (Q15-A42) (Å) 0.71 ± 0.12 all heavy atoms {Q15-A42) (Å) 1.07 ± 0.08
